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ABSTRACT OF THE THESIS 
The Absence of the Cone-Specific Visual Cycle in Sea Lamprey and 
Its Evolutionary Implications 
by 
Tilan Karunanayake 
Master of Science in Physiological Science 
University of California, Los Angeles, 2019 
Professor Gordon L Fain, Co-chair 
Professor Alapakkam P Sampath, Co-chair 
 
Unlike rods which mediate low-light/night vision, cones which mediate day-vision never saturate 
despite exposure to intense, ambient light. A contributing explanation is a Müller cell-mediated 
visual cycle, found in mammalian models, that continually regenerates photopigment in cones (Wang 
et al., 2011). Given our knowledge of the  “camera” eye (Lamb et al., 2007), we wanted to know if 
this cone-specific visual cycle was also highly conserved in vertebrates prompting the use of sea 
lamprey, an ideal model for evolutionary study. Using ERG recordings, we found no significant 
regaining of response sensitivity in isolated retinas, indicative of pigment regeneration, after a 
substantial bleaching light exposure. These results confirm the absence of a cone-specific visual 
cycle in sea lamprey and suggest that this pathway had arisen after the divergence of jawed and 
jawless vertebrates ~500 mya. 
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INTRODUCTION 
 
Sensory processing begins when an external signal by way of receptor activation is transduced to an 
internal, neural signal that is relayed to the brain. In vision, the stimulating signal is a photon, the 
conversion of light into a usable form of information is phototransduction, and the sensory cells are 
photoreceptors of which there are two—rods (night vision) and cones (day vision). Both, except for 
differences in response kinetics, thresholds of activation and varied opsins, have nearly identical 
efficacy in activating phototransduction as well as similar shutoff proteins in vertebrates (Kefalov, 
2012). Yet only rods saturate at bright ambient light levels whereas cones do not; they almost 
exclusively shape our visual experience during daylight conditions. Therefore, what can explain this 
critical difference? And if there are mechanisms unique to cones, when did they arise evolutionarily? 
 
In the dark, unstimulated photoreceptors contain a circulating dark current, an influx of Na+ and 
Ca2+, through open cyclic-nucleotide gated channels (CNG channels) that maintain a depolarized 
membrane potential and a continuous release of glutamate their terminal ends. Once light is 
absorbed by the photopigment, which is specific to rods or the cone types, a G-protein coupled 
reaction is initiated. The associated G-protein, transducin, now active will in turn activate a 
phosphodiesterase that specifically hydrolyzes cGMP thereby closing the CNG channels. The 
resulting hyperpolarization and reduction in dark current decreases the synaptic glutamate release 
and modulates the responses of downstream cells in the retina and visual pathway, eventually 
forming our perception of the visual world (Arshavsky et al., 2002).  
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Therefore, the photopigment is of critical importance. It is comprised of an apoprotein opsin, the 
differentiating factor between rods and each of the cone types, and a chromophore, 11-cis retinal (11 
cRAL), which is shared by most photoreceptors and is the direct receptor of the photon. Like other 
sensory receptors, the graded responses are proportionate to the magnitude of the stimulation. Yet 
our cones persist in functioning and retain sensitivity despite enormous differences in ambient light 
levels. To prevent the depletion of chromophore stores and saturation of photoreceptors, light 
adaptation mediated by intracellular Ca2+ levels reduces the sensitivity of phototransduction, and 
visual pigment is regenerated thereby increasing the dynamic range of photoreceptors (Govardovskii 
et al., 2000).  
 
Until recently, the visual cycle mediated by the retinal pigment epithelium (RPE) was the only 
known method of photopigment regeneration. In this canonical cycle, the activated then reduced 
chromophore all-trans retinol (atROL) is transported to the RPE. Once there, through reisomerization 
and a series of oxidation/reduction reactions, atROL is converted back to 11cRAL and is returned 
non-selectively to rods or cones. In addition to replenishing 11cRAL, an intermediate of this cycle, 
11-cis ROL can be esterified and stored as a retinoid pool for later pigment regeneration (Blaner et 
al., 1987; J. R. Mata et al., 1998; N. L. Mata & A. T. Tsin, 1998; N. L. Mata, E. T. Villazana, et al., 
1998). 
 
However, the discovery of a cone-specific retinal visual cycle has confirmed longstanding 
speculation of an additional regeneration pathway that would help explain certain features of cones 
that rods do not share. One key example is that light bleaches rod and cone pigment at equal rates 
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due to similar pigment concentrations, yet cones dark adapt (regain sensitivity to darkness) much 
more quickly and never saturate (Baylor et al., 1974; Schnapf et al., 1990). In addition, biochemical 
studies have revealed that the RPE visual cycle does not replenish cones fast enough for their 
sustained functioning during daylight conditions (Mata et al., 2002). In fact, rods outnumber cones 
more than 10:1 in most mammalian retinas, rod apical processes are physically closer to the RPE and 
the quantum efficiency, the ability to catch photons, is almost the same between rods and cones. All 
of which refute a single visual cycle hypothesis as rods would outcompete cones over chromophore 
(Fain et al., 2014; Kandel, 2013).  
 
The findings by Wang & Kefalov, 2011 are very promising as experiments conducted in rodent were 
corroborated biochemically and electrophysiologically in primate animal models. However, the exact 
sequences of steps, molecular components and reactions of the Müller cell-mediated cone-specific 
visual cycle are to be identified, but the general pathway is depicted in Figure 2. atROL alternatively 
enters the Müller cells where it is enzymatically converted to 11-cis ROL and returned to the cone 
inner segment. It eventually migrates to the outer segment.  There, 11-cis ROL is converted to 
11cRAL by a retinal dehydrogenase and is ready to bind with free opsin to form a visual pigment 
ready for stimulation (Wang et al., 2011). 
 
We do not know if this cone-specific visual cycle is shared by all vertebrates. Therefore, it is of 
critical importance to date evolutionarily the emergence of this visual cycle, and this is the basis for 
my thesis. The sea lamprey, Petromyzon marinus, being a member of the oldest group of vertebrates 
having a sequenced genome offers an ideal model to study when this phenomenon may have 
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evolved. Electrophysiology and biochemical studies have revealed a conserved retina morphology in 
the vertebrate lineage. Although the ancestors of sea lamprey diverged from the ancestors of jawed 
vertebrates 500 million years ago (Figure 1), we share a “camera-eye” with a similar lens, iris, 
extraocular muscles and the typical retinal cell types including Müller cells confirmed by electron 
micrography (Dickson et al., 1979; Lamb, 2013). Moreover, the study of this model animal may also 
validate the findings in mammals by Wang & Kefalov, 2011 as convergent evolution of a cone-
specific visual cycle is less likely given the established literature on vertebrate vision (Lamb, 1995). 
 
 
 
 
 
 
 
 
 
 
 
 
 
5 
 
MATERIALS AND METHODS 
 
Animals and Tissue Extraction 
Experiments were performed in accordance with rules and regulations of the NIH guidelines for 
research animals, as approved by the institutional animal care and use committee of the University 
of California, Los Angeles, USA. Juvenile lampreys were delivered to the Division of Laboratory 
Animal Medicine from the Great Lakes Fishery Commission, with a permit from the Department of 
Fish and Wildlife of the California Natural Resource Agency. Animals were kept in a tank of de-
chlorinated water chilled to 5-7 ºC by an AquaEuro USA Max aquarium chiller. The water was 
changed biweekly. The tank was kept in a room at an ambient temperature of 23 degrees ºC and 
maintained under 12-on-12-off lighting. 
 
All animals were dark-adapted overnight, for at least 8 hours, prior to every experiment. The 
following procedures were conducted in complete darkness with the use of night vision infra-red 
goggles and a customized microscope with infrared image converters. Animals were sacrificed by 
decapitation and eyes were enucleated. The anterior portion of the eye was cut, and the lens and 
cornea were removed in a custom petri dish. The resultant eye cup was transferred to a custom-built 
tightly sealed, light-excluding container filled with media where the retina was isolated from the 
eyecup by removing the retinal pigment epithelium with fine tweezers. Half-sections were cut with a 
razor blade and used in electroretinogram recordings. 
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Solutions 
During the dissection and storage of tissue throughout the experiment, a custom-built, tightly sealed, 
light-excluding container was filled with AMES bicarbonate or modified Ringer’s solution and 
bubbled with carbogen (95% O2/5% CO2 at pH=7.4). During recording, the retinal preparation 
was perfused with either AMES bicarbonate or Ringer’s solution and 50µM DL-AP4 and 2mM 
sodium aspartate to isolate the a-wave, which generally reflects the photoreceptor response. AMES 
bicarbonate was made by supplementing AMES medium (A1420, Sigma-Aldrich) with a flexible 
amount of sodium bicarbonate to reach an appropriate osmolarity of about 260 mmol/kg. Modified 
Ringer’s solution previously published (Chang et al., 2013) was composed of 130 mM NaCl, 2.1 mM 
KCl, 2.6 mM CaCl2, 1.8 mM MgCl2, 4 mM HEPES, 4 mM dextrose, 1 mM NaHCO3. 
 
Ex vivo electroretinogram (ERG) 
An adapted in vivo ERG apparatus, as created and adopted previously (Vinberg et al., 2014), was 
used at room temperature, 22-23 ºC, for transretinal recordings from photoreceptors.  The top and 
bottom parts of the specimen holder had channels that were filled with Ringer’s solution described 
earlier, to maintain an electrical connection between the proximal side of the retina to the pellet 
electrode, which was connected to an external amplifier. 
Dark-adapted, isolated-retina preparations were placed photoreceptor side up in the specimen 
holder and transferred to the stage of a microscope mounted on an air table for stability. The entire 
apparatus was housed in a Faraday cage to prevent light and additional sources of noise from 
compromising recordings.  Light stimulation and data collection were executed using LED lights, 
drivers and a differential amplifier (DP-311) and a data acquisition system (Digidata 1550). 
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Recordings were low-pass filtered at 1 kHz with the DP-311, and ground noise was eliminated with 
a tunable active filter and a Hum Bug (Quest Scientific). 
 
Light Calibration 
Different wavelengths, 617 and 505 nanometers, of LED lights were employed. Both LEDs were 
calibrated using a digital silicon photodiode (UDT Instruments, San Diego, CA, USA, formerly 
Graseby Optronics). Light pulses of varied intensities were generated by voltage inputs into the 
Clampex 8.0 program. A 3 mm pinhole, to mimic the size of a typical preparation, was placed on top 
of the photodiode input, which was mounted on top of the stage. Voltage inputs were converted to 
respective current outputs that were then used to calculate photon intensities (photons/µm2). Exact 
flash strengths used in the experiments are listed in the figure legends and were adjusted in 
accordance with the optical density of lamprey rod and cones, previously published (Morshedian et 
al., 2017), and LED wavelength efficacy. 
 
Data Analysis 
All digitized data were analyzed as well as curve fitting and statistical tests were performed using 
Origin Student 2019 (OriginLab Inc, Northhampton, MA, USA). The specific statistical test used 
was one-way analysis of variance (One-way ANOVA) at the level of 0.050 to compare the statistical 
significance between groups. “Prob>F” less than 0.050 is statistically significant. 
From the digitized data, response intensity curves were generated by plotting response amplitudes as 
a function of the logarithm of the flash strengths used to invoke the responses. The data points have 
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been fitted with a sigmoidal equation, the Hill equation, with a coefficient of 1 (H=1) as previously 
used by Miyazono, 2011: 
R/Rmax=I
H/(IH+I1/2
H)               (Eqn. 1) 
where R is the response amplitude, Rmax is the saturated response amplitude, I is the flash 
strength/light intensity (photons/µm2) and I1/2 is the flash strength required to reach half-
maximal/half-saturated response amplitude.  
 
Measurement of dim flash sensitivity (SF) 
Sensitivity is a measure of photoreceptors ability to be excited by a given flash strength. Flash 
strengths were increased incrementally until an obvious, small amplitude response was observed. 
Then ~2-3 additional dim flashes were given to the preparation. These responses were divided by 
their respective flash strengths to yield fractions. If these values did not change dramatically, these 
responses were validated as occurring in the linear region of the response-intensity curve. The 
averaged value of the fractions was used as the SF value.  
 
Calculation of pigment bleach  
A 505nm LED was primarily used to bleach rod pigment, rhodopsin, as well as ~50% of the cone 
pigment in lamprey retina preparations. The fraction of bleach was calculated from: 
 F= 1-exp(-IPt)               (Eqn. 2) 
where F= fraction of bleached pigment, I is the intensity of bleaching light, P is photosensitivity of 
isolated rod of 5.7 × 10−9 μm2 previously determined (Woodruff et al., 2002) and t is the duration of 
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bleaching light (Nymark et al., 2012). The photosensitivity value was found in an isolated mouse rod 
and assumed to be the same in lamprey. Similar adjustments used in light calibration were also 
applied to the bleach calculations. 
 
Comparison of rod and cone kinetics 
Single-cell recordings have shown that rods recover more slowly than cones after responding to a 
flash of light.  Therefore, the same falling phase, (τrec), used previously can be also utilized in this 
thesis to discern between rod-dominant and cone-dominant ERG responses. Single exponential 
equations have been fitted from the peak to the baseline of the response using: 
    R = Rmax*exp(-t/τrec)                          (Eqn. 3) 
where τrec, is a metric of the shutoff of the photoresponse via PDE (Chen et al., 2000). A smaller τrec 
value represents a faster shutoff and a cone-dominant response whereas a larger τrec suggests a rod-
dominant response. 
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RESULTS 
 
DA responses to 505 nanometer and 617 nanometer light stimulation 
In order to use electroretinograms (ERG) to explore the cone-specific visual cycle, a novel method 
to isolate rod and cone responses had to be developed. With rods and cones being interspersed 
throughout the lamprey retina and the ERG showing a cumulative response of all photoreceptors, a 
feasible solution was to utilize the distinction in spectral sensitivities. In a previous study, a red-
shifted wavelength of light was shown to exhibit high absorbance or optical density (OD) of 
approximately 1 for cones and 0.1 for rods whereas a green-shifted wavelength of light had an OD 
of roughly 1 for rods and 0.5 for cones (Morshedian et al., 2017). Therefore, my ERG setup used 
two LEDs, one 505nm (green light) and one 617nm (red light), to collect photo responses. Figure 
3A shows flash families, superimposed responses to incrementally increased flash strengths, where 
there is not much distinction in response shape, amplitude between the two wavelengths of 
stimulation used. 
However, there was a discrepancy when the peak amplitudes per response were plotted as a function 
of intensity, termed “response intensity curve” (Figure 3B).  All data points were fit with a Hill 
equation with coefficient of 1(Eqn.3) to reveal shifted sigmoidal fits and half-saturating response 
intensities (I1/2). The 617nm wavelength stimulation shows a minimal intensity evoking response that 
is ~10 photons more than 505nm wavelength of light. Additionally, the 505nm curve’s I1/2  21 
photons/m2 and the 617nm curve’s I1/2  815 photons/m2 are a factor of ~40 apart. Due to these 
being dark-adapted recordings, with rod pigment still present, the difference in responses at these 
low intensities is due to rods having greater sensitivity to 505nm and a lower sensitivity to 617nm 
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light stimulation. However, at higher intensities, the resultant responses should have cone-input 
particularly at the 617nm wavelength and is taken advantage of in the post-bleach recordings 
(Figures 6-11). 
 
Response profiles of small and large juvenile lamprey are similar 
Due to the availability of two life stages, recordings were conducted using both and assessments had 
to be made to determine if each life stage could be used interchangeably or experimentation needed 
to be altered specific to the life stage. I have differentiated the two life stages in all figures in this 
thesis as small juvenile and large juvenile. DA flash families in (Figure 4) reveals larger response 
amplitudes in large juvenile, but the overall response kinetics look similar. Moreover, the response 
intensity curves (Figure 5A) showed no significant distinction between small or large juveniles as the 
two 617nm and two 505nm curves overlapped. The calculated small juvenile 505nm I1/2  21 and 
large juvenile 505nm I1/2  24 being almost identical; the 617nm small juvenile I1/2   815 
photons/m2 and large juvenile I1/2   1381 photons/m2 were also comparable. Additionally, after 
calculating and comparing dim flash sensitivity (Materials and Methods) between the two life stages 
in respect to 617nm stimulation, one-way ANOVA revealed no statistical difference (Figure 5). All 
of which suggested that I could use either life-stage, small or large juvenile, interchangeably for 
experimentation. 
 
Effectively bleach rod pigment to examine a cone-specific visual cycle 
A light exposure had to be devised to significantly bleach rod pigments, so that if there was any 
recovery of response amplitude or sensitivity it would be most likely be due to cone’s exclusively 
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recovering chromophore as there is no RPE for rods to depend on. A two-minute, bright 505nm 
light was exposed to the preparation to bleach 99.99% of rod pigments as calculated by Eqn. 2. 
Then flash families and response intensity curves were collected at different time points to observe 
post-bleach responses between 505nm and 617nm stimulation. Compared to DA, both 617nm and 
505nm flash families immediately after 99.99% bleach had drastically smaller response amplitudes 
with 617nm responses showing much quicker responses (Figure 6) typical of cone responses (Chen 
et al., 2000). When exponential decay equations were fit to 505nm and 617nm responses evoked by 
similar stimulus intensities, a concrete difference can be made in time constants (rec ) with 617nm 
rec, 3.3±1.25 x 102, being drastically faster than the 505nm rec,, 1610 ± 1.64 nm (Figure 7). This 
confirms that the 617nm wavelength can be used to assess cone-dominant responses once rod 
pigment is bleached via 505nm stimulation and can be monitored over time to discern whether a 
cone-specific visual cycle exists. 
 
Increase in response amplitudes are indicative of recovery from light adaptation 
Pigment regeneration via RPE or Müller cell would cause response amplitudes to increase and lower 
intensity flash strengths to evoke responses with time after the bleach. Flash families recorded at 30 
minutes and 1 hour when compared to immediately after 99.99% bleach showed larger response 
amplitudes only in 505nm stimulation. Surprisingly, the 617nm stimulation did not show a growth in 
response amplitude, which would be indicative of a cone-specific visual cycle regenerating pigment. 
A single trace per wavelength of the same “low” post-bleach flash strength was highlighted to draw 
comparisons (Figure 6). With the RPE cycle taking longer to recycle chromophore and cones being 
able to utilize both the RPE and Müller pathways, it is unusual that there is more growth in the 
505nm stimulation, which evokes rod-dominant responses (Wang et al., 2011). This indicates that 
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the growth in response amplitudes was due to rods escaping light adaptation thereby increasing 
sensitivity. To reduce this confounding effect and decrease the number of light flashes, which 
minimally desensitize the preparations, all following experiments and figures solely used 617nm 
stimulation. 
 
No shift in response intensity curve with time after bleach 
Several flash families to 617nm stimulation were collected, averaged and normalized at different time 
points to generate response intensity curves fitted with the previous sigmoid equation (Figure 8). 
Due to either shortcomings in light calibration or 617nm stimulating predominantly cones, I was 
unable to saturate the post-bleach responses to accurately calculate I1/2 values for each time point. 
However, the curves adequately reveal that there is no shift either at the 30-minute or 1-hour time 
points towards the DA curve. If there was a cone-specific visual cycle, then as time progressed after 
the bleach recycled chromophore should become more readily available thereby regaining sensitivity 
and shifting curves leftward (Figure 8). This is further supported in the flash family where the flash 
evoking response highlighted in red for the 617nm stimulation did not grow even 1 hour after 
bleaching (Figure 6).  
 
Comparison of 90% and 99.99% bleach 
To further minimize light adaptation from confounding post-bleach recordings, a lower intensity 
bleach was calculated and had to be compared to the previous 99.99% bleach. By using Eqn. 2, as in 
previous figures, I calculated a 90% bleach of primarily rod-pigment. The flash families after the 
90% bleach shows higher response amplitudes with a nose component due to a larger remaining 
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fraction of rod pigment as compared to the family immediately after the 99.99% bleach (Figure 5A). 
However, the resultant response intensity curves are very similar and overlap. When fitted with the 
previously used sigmoidal equation (Eqn. 1), I1/2 values of the 90% and 99.99% bleaches are 
comparable at 1.5 x 106 and 2.6 x 106 photons/m2 respectively. These findings indicate that a 90% 
bleach can be alternatively used for the following experiments and figures. 
 
Dim flash sensitivity before and after 90% bleach 
To more specifically examine the cone-specific visual cycle, dim flash sensitivity, SF, was calculated 
and normalized with previously used methodology (Figure 2B) at the same time before and after a 
90% bleach as in the previous figures (Figure 6 and 8). As expected, there was a drastic reduction in 
SF immediately after the bleach, by a factor of ~1000.  However, the SF values for immediately after 
the bleach, and 30 minutes and 1 hour after bleach, which are 1.2 x 10-4, 4.1 x 10-5 and 6.2 x 10-5 
respectively, remain relatively unchanged. One-way ANOVA analysis supports this notion because 
none of the three time points (immediately, 30 minutes and 1 hour) after the 90% bleach were 
significantly different at the P=0.050 level with F-value=2.8 and Prob>F=0.12.  
 
Positive control using exogenous chromophore injection to confirm study validity 
All previous figures showed evidence supporting the hypothesis that there is a lack of Müller-cell 
mediated cone-specific visual cycle. To validate the findings of this thesis and to verify that 
additional chromophore will recover sensitivity, synthetic 11 cis retinal (11cRAL) was injected after 
the bleach and responses were recorded. For the solution to be absorbed by the preparation, the 
perfusion was paused for varied durations to find the optimal duration to recover the most 
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sensitivity. Per preparation, the SF after the 11cRAL injection (11cRAL) was higher than the SF 
recorded 30 mins after bleach (30 min PB). Moreover, the longer duration the pause, the greater SF 
increased at the 11cRAL time point. This is suggestive that the longer the perfusion is paused, the 
better absorbed the chromophore is by the preparation. However, sample size was small, and no 
statistical inferences could be made.  
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DISCUSSION 
 
The ability to examine the Müller-cell mediated cone visual cycle using ERG was possible by taking 
advantage of the distinct spectral absorbances (OD) of rods and cones. Additionally, with lamprey 
cones only containing one type of opsin, we were able to use two different wavelengths of light to 
enact rod-dominant and cone-dominant responses.  The flash families collected using 505nm and 
617nm stimulation in the small, juvenile lamprey revealed no drastic differences in response kinetics, 
shapes or response amplitudes. Of note, our modified in vivo ERG yielded maximum a-wave 
response amplitudes ~two times greater than previous conventional ERG recordings in lamprey, 
albeit these measurements were made with a different species, the river lamprey (Lampetra fluviatilis) 
(Holmberg et al., 1977).  Regardless, the response intensity curves, generated by plotting maximum 
peak voltage as a function light intensity and fitted with a sigmoidal equation (Eqn. 1), showed a gap 
between the 505nm and 617nm curves with the I1/2 values being 21 and 8.2 x 10
2 photons/m2 
respectively.  This difference of roughly two log units where the 617nm light requires a higher 
intensity of light to meet the half-saturated response amplitude is due to rods being less sensitive at 
this wavelength (Figure 2). However, once rod pigment is bleached, all recordings using the 617nm 
LED (Figures 6-11), activated cone-dominant response as the OD of rods at this wavelength are 
~0.10 and almost 0 (not sensitive) for small and large juveniles respectively whereas the OD for 
cones are ~0.50 and ~0.90 (very sensitive) respectively. 
 
Due to the availability of two life-stages, small and large juvenile lamprey (the parasitic stage is 
termed large juvenile), an assessment had to be made to decide if the life-stages could be used 
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interchangeably for experimentation. Flash families revealed slightly larger response amplitudes, with 
higher voltage outputs at saturation, in large juveniles. Larger eyes, and thereby larger preparations 
with more photoreceptors, could account for these more robust responses. However, the response 
intensity curves and calculated dim flash sensitivity, SF, (Materials and Methods) for 617nm 
stimulation revealed no drastic differences between the two life stages. (Figure 4 and 5). Statistical 
inferences made using one-way ANOVA, with values of Prob(F)=0.93 <1 and low F-value of 
0.0070, do not argue against the null hypothesis and therefore support this claim. This may partly be 
due to both life stages preceding the vitamin A1-to-A2 shift in chromophore, which although more 
acutely affecting rods would still prevent sensory plasticity from influencing the sensitivity or gain of 
phototransduction.  Therefore, small and large juveniles were used interchangeably in all subsequent 
experiments and were averaged together for all following figures. 
 
In order to examine a cone-specific visual cycle, we needed to selectively bleach rod pigment. 
Therefore, a bright light of the 505nm wavelength was used to bleach 99.99% of predominantly rod 
pigment. Due to the physiology of the lamprey retina and OD of cones to 505nm wavelength light 
being 0.5, a fraction of cone pigment was also bleached; this was helpful as an additional bleach did 
not need to be performed on cone pigment (Morshedian et al., 2017). The flash families immediately 
after the 99.99% bleach had a ~5-fold and ~12-fold reduction in response amplitude in 505nm and 
617nm stimulation respectively. The response intensity curves shifted rightward towards higher 
intensity flash strengths with post-bleach I1/2 values a factor of ~1000 photons/µm
2 greater than the 
DA I1/2 (Figure 6 and 8). These findings are indicative of a successful bleach as they are 
consequences of light adaptation because it takes greater flash strengths to enact responses due to 
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lowered amounts of photolyzed pigment, decreased intracellular Ca2+ and other associated light 
adaptation mechanisms now active (Govardovskii et al., 2000).  
 
Interestingly, the 617nm stimulation enacted faster responses compared to 505nm stimulation. 
When exponential decay equations (Eqn. 3) were fit to two responses of similar flash strength per 
wavelength, from the flash families immediately after the bleach, the calculated time constants (rec) 
were ~3.3 x 102 and ~1.6 x 103 for 617nm and 505nm stimulation respectively (Figure 7). This 
disparity suggests that the remaining cone pigment is significant after bleach. Typically cone 
responses, after reaching their peak amplitude, decay to baseline much more quickly than rod 
responses(Morshedian et al., 2015). The drastically smaller rec value of the 617nm evoked response 
when compared to the 505nm trace exemplifies a distinction in the rod and cone-dominant 
responses. Moreover, this supports the use of solely 617nm stimulation in subsequent experiments 
in the attempt to minimize desensitizing the preparations as any flash of light is capable of bleaching 
pigment. Of note is that despite significant rod pigment focused bleaching, the 505nm stimulation 
evoked quite robust response, which suggests that not all the rod pigment can be bleached. This was 
made apparently clear when the bleach was lowered to 90% (Figure 8-11), when the flash family 
immediately after 90% bleach contained a nose component (Figure 8), which only occurs when rods 
decay slowly and cones decay quickly. 
 
With the retinal pigment epithelium (RPE) removed in our isolated retina preparations, any recovery 
seen should be due to cones being supplied with chromophore by the Müller cells. The flash families 
collected at the different time points after the bleach reveal that though response amplitudes 
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increase in 505nm and 617nm stimulation, there was no recovery of sensitivity in the cone-dominant 
response as the red trace in Figure 6 did not grow.  Interestingly, the 505nm stimulation had a 
response of almost 0 V grow to ~40 V, which suggests recovery in sensitivity.  Normally, light 
adaptation reduces the sensitivity of the phototransduction cascade thereby producing quicker, 
smaller amplitude responses (Govardovskii et al., 2000). However, with the RPE removed, rods 
have no pathway to receive recycled chromophore. Additionally, several visual cycle protein 
orthologs, particularly arrestin, and intracellular Ca2+ feedback systems that modulate the sensitivity 
of the phototransduction cascade are shared across vertebrates including sea lamprey (Tsuda et al., 
2003). Therefore, we concluded what was being observed was that the rods were escaping light 
adaptation, essentially re-dark adapting, thus accounting for the drastic increases in response 
amplitudes and the so-called regaining of sensitivity exclusively in 505nm stimulation. To resolve 
this confounding issue as well as address the possibility that surplus light flashes were bleaching 
fractional amounts of pigment that may in fact be regenerating in the cones, we decided to limit our 
stimuli to the 617nm wavelength, reduce the bleach from 99.99% to 90%, and only expose the 
preparations to ~3-4 dim flashes to calculate dim flash sensitivity, SF. 
 
SF, was calculated in the linear region of the response intensity curves of 617nm stimulation and 
offered us an acute metric of sensitivity changes over time after bleach, which if positive would 
confirm a possible cone-specific visual cycle. Firstly, we had to verify that a 40 second, 90% bleach 
(Figure 9) was comparable to the 2-minute, 99.99% bleach that was used previously (Figure 3-8). 
Then a series of dim 617nm light flashes given at time points post-bleach allowed us to generate SF 
values with minimal additional bleaching of the preparations. As expected, a ~10000-fold decrease 
in sensitivity resulted immediately after bleaching with one-way ANOVA, at the 0.050 level, 
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revealing no significant differences between the three time points collected post-bleach (Figure 10) 
further supporting the evidence found in the 99.99% post-bleach experiments (Figure 6 and 8). With 
a lack of a positive result, a “rescue” or positive control test had to be completed for this thesis. 
 
As previously documented in another study where reconverted chromophore recovered sensitivity 
in cones, we decided to examine whether exogenous 11 cRAL would do the same in the lamprey 
(Wang et al., 2009). Due to the limited supply of the solution, only three experiments were 
conducted. The preparations were bleached and recorded once 30 minutes later because our 
previous figures (Figure 6,8 and 10) showed that the post-bleach responses no longer changed 
dramatically after this time point. Then the perfusion lines had to be paused to inject the 11cRAL.  
The duration of the pause was varied to find the optimal time to wait for the chromophore to be 
thoroughly absorbed. Figure 11 shows SF increases after 11cRAL is introduced with longer duration 
pauses showing slightly more recovery due to better absorbance. This preliminary evidence as well as 
a fellow lab member conducting similar experiments on mouse showing a recovery of sensitivity 
refute the possibility of equipment/experimental error as the reason for a lack of positive result. 
 
In conclusion, there does not seem to be any recovery of sensitivity in the sea lamprey retina after 
significant bleach, which suggests the absence of a cone-specific visual cycle due to various reasons. 
Limited sample size in the “rescue” experiments restrict any statistical inferences from being made. 
Key proteins in the conversion of all-trans to 11-cis retinoids, may be absent or have altered functions 
in the sea lamprey retina.  It is documented that sea lamprey have RPE65 (Poliakov et al., 2012), but 
may not have RGR, both of which have been shown to be critical in the reemergence of cone 
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sensitivity due to pigment regeneration (lab publication in process). Therefore, the cone-specific 
visual cycle had most likely arisen later in vertebreta subphylum after jawed and jawless vertebrates’ 
divergence roughly 500 mya. With a plethora of published animal genome sequences, future 
experiments to time the evolution of a cone-specific visual cycle should use another extant, distant 
model on the phylogenic tree that also express known proteins such as RGR and RPE65 specifically 
in the retina. 
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Figure 1. The sea lamprey is an adequate model for the evolutionary history of vertebrate 
physiology. A) The phylogenetic tree describing the origin of the vertebrate subphylum within 
which the divergence of the ancestors of the sea lamprey (Petromyrzon marinus) and jawed vertebrates 
was dated to roughly 500 million years ago (Lamb, 2013). B) The life cycle of the sea lamprey in 
which the juvenile and parasitic stages were used in this thesis (Morshedian et al., 2017). Both figures 
have been reprinted with permission from respective publishers. 
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Figure 2. The canonical (RPE) and Müller-cell mediated visual cycles for cone pigment 
regeneration. 11-cis retinal (11cRAL) after pigment activation will free itself from opsin and decay 
to all-trans retinol can alternatively be transported to the Müller cell, (cone-specific pathway), or the 
retinal pigment epithelium (RPE) to be reconverted back to 11cRAL. Key enzymes used in the 
redox reactions in the RPE have been identified but remain to be studied and documented in the 
Müller cell (Wang et al., 2011).    
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Figure 3. Dark adapted responses to 505 nanometer and 617 nanometer wavelengths of light. 
A) Flash families using 505nm and 617nm light stimuli in a juvenile lamprey. Responses (V) of a 
representative preparation to brief light flashes of increasing intensity were superimposed and 
plotted over time. At very dim intensities, 2-3 traces were averaged for a single light intensity. At 
high intensities, 1 response was collected per light intensity. B) Normalized response intensity curves 
for 505nm and 617 light stimuli. The x-axis, light intensity was presented on a log10 scale for clarity. 
Each response was normalized to the maximumly evoked response’s peak amplitude and averaged 
across all preparations. The data has been fitted using a Hill equation (Eqn. 1) and revealed the 
intensities evoking half-maximum responses (I1/2) were 21 and 815 photons/m2 respectively for the 
505nm and 617nm wavelengths. Photon intensities were the following: 505nm LED, 0.10, 0.30, 
0.50, 1.0, 3.0, 16, 35, 83, 5.5 x 10 1, 1.6 x 103, 8.4 x 103; 617nm LED, 0.60, 3.0, 8.0, 26, 79, 2.0 x 102, 
5.0 x 102, 1.6 x 103, 4.9 x 103, 2.9 x 104, 2.2 x 105, 2.3 x 106 photons/m2. Note: One preparation had 
abnormal noise in the recordings using 505nm flashes hence the difference in number of samples.  
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Figure 4. Dark adapted flash families of small juvenile and large juvenile lamprey to 505nm 
and 617nm light. A) The representative DA flash family from figure 2 is listed again with altered 
scale on y-axis. B) A representative DA flash family the same light protocol and flash strengths as 
Figure 2 in a parasitic stage lamprey (titled as large juvenile in all figures). The data was not 
normalized and the larger response amplitudes in B) could be attributed to a difference in 
preparation size or dissection quality. 
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Figure 5. Comparison of DA response intensity curves and dim flash sensitivity between 
small and large juvenile lamprey. A) The normalized response intensity curves of DA small (same 
as Figure 2) and large juvenile lamprey. The same light protocol and flash strengths were used as 
previous figures and the curves have been fit with the same Hill equation (Eqn. 1) The large juvenile 
estimated I1/2 values for 505nm and 617nm stimulation are 24 and 1.4 x 10
3 photons/m2 
respectively whereas the small juvenile are 21 and 815  photons/m2 respectively (same values as 
Figure 1). B) Averaged DA dim flash sensitivity (SF
DA), calculated using method described in 
materials and methods, of small and large juvenile lamprey in respect to 617nm stimulation. One-
way ANOVA reveals that at the 0.050 level, SF
DA is not significantly different between small and 
large juveniles with Prob(F)=0.93 and F-value=0.0070. Note all triangles represent the use of small 
juvenile lamprey in all following figures. 
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Figure 6. Dark adapted and post-bleach responses over time to 505nm and 617nm light 
flashes. Representative flash families of a large, juvenile lamprey before (DA) and after 99.99% 
bleach at different time points: immediately after (titled 99.99%), 30 minutes, and 1 hour. A single 
trace in all flash families has been highlighted to assess light adaption. A 2-minute exposure to bright 
505nm light was used to selectively bleach 99.99% of predominantly rod-pigment using Eqn. 2 
(Materials and Methods). All following figures used the same wavelength of light and Eqn. 2 to 
bleach. DA flash intensities are the same as in figures 1-4.  Flash intensities after the 99.99% bleach 
are the following: 505nm LED, 7.6 x 104, 2.2 x 105 (green trace), 4.8 x 105, 1.2 x 106, 2.8 x 106, 7.9 x 
106 photons/m2; 617nm LED, 4.9 x 104, 2.8 x 105 (red trace), 6.9 x 105, 2.2 x 106, 6.9 x 106, and 2.3 
x 107 photons/m2. 
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Figure 7. Exponential Decay Fits of 505nm light-evoked and 617nm light-evoked responses 
to calculate respective rec values. Responses to 505nm and 617nm wavelength light flash of 
similar strength after a 99.99% rod-focused bleach. Both traces have been fit with an exponential 
decay equation, Eqn. 3, to calculate the time constants of the declining phase(rec).   
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Figure 8. DA and post-bleach response intensity curves at different time points using 617nm 
stimulation. All data have been fitted with the same sigmoidal equation (Eqn 1) and the I1/2 for 
each trace has been calculated like similarly as previous figures. Note the colors of data and curves 
denote DA and post-bleach responses. The estimated I1/2 values are listed in the order of DA, 
immediately, 30 minutes, 1 hour after 99.99% rod-focused bleach: 1.70x103, 4.89x106, 7.46x106, 
4.02x10 photons/m2.  The light flash strengths for DA responses are the same as previous figures, 
but bleached recordings required the following higher intensities to elicit responses: 4.9 x 103, 4.9 x 
104, 2.8 x 105, 6.9 x 105, 2.2 x 106, 6.9 x 106, and 2.3 x 107 photons/m2.  
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Figure 9. Comparison of responses after 90% and 99.99% photopigment bleaches. A) 
Response families after a 40 second, 90% and 2-minute, 99.99% (same as previous figures) of rod-
pigment focused bleach. B) Normalized response intensity curves of DA and immediately after 90% 
and 99.99% bleaches. The estimated I1/2 values are in following order of DA, 90% bleached, 99% 
bleached responses: 1.1 x 103, 1.5 x 106, 2.6 x 106 photons/m2. Of the four preparations used on 
the same day from the same animal, two were exposed to 90% bleaching and the other two were 
exposed to 99.99% bleaching lights. Calculations for the 90% bleach also used the same Eqn. 2.  
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Figure 10. Normalized dim flash sensitivity before and after 90% rod-pigment bleach. The 
dim flash sensitivity was measured before, SF
DA, and after bleach, SF, at the following time points: 
immediately after (titled 90% Bleach), 30 minutes and 1 hour. The dim flash sensitivity of the DA 
response was calculated the same method as Figure 1B (Eqn. 3) and post-bleach SF measurements 
were normalized to the SF
DA. One-way ANOVA reveals at the 0.050 level all SF measurements after 
the bleach are not significant with F-value = 2.8 and Prob>F 0.12.   
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Figure 11. Normalized dim flash sensitivity DA, bleached, and 11cRAL positive control. The 
dim flash sensitivity of the dark adapted, SF
DA, 30 minutes post bleach, and after exogenous 
chromophore injection (11cRAL), SF, were calculated the same as in Figure 1B and Figure 10. Note 
colors no longer denote wavelength of light but individual preparations with distinct times. The 
times represent the amount of time waited after injection of chromophore before resuming 
perfusion and recording responses. 
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